Photonic crystals are spatially periodic dielectric structures usually composed of two different components. We consider a photonic crystal formed by a periodic array of voids in an optically dense homogeneous substance as shown in Fig. 1 . The electromagnetic (EM) spectrum of a photonic crystal with a given geometry is determined by the refractive indices of its constitutive components. Tunability of a photonic crystal assumes the possibility to alter controllably its electromagnetic properties by external magnetic or electric field, mechanical stress, strong electromagnetic radiation, or other external actions. To alter the performance characteristics of a photonic crystal, the controlling action must either modify the dielectric properties of the medium or alter its geometric characteristics. Since the alteration of the dielectric permittivityε or magnetic permeabilityμ seems to be more practical, it will be our primary focus. The other alternative is briefly discussed at the end of the paper.
. A slab of a tunable tetragonal two-dimensional photonic crystal. Refractive index of the dielectric substance depends on the external field E 0 through a nonlinear mechanism. Changing E 0 one can control propagation of the EM signal.
Tunability of a photonic crystal assumes the possibility to alter controllably its electromagnetic properties by external magnetic or electric field, mechanical stress, strong electromagnetic radiation, or other external actions. To alter the performance characteristics of a photonic crystal, the controlling action must either modify the dielectric properties of the medium or alter its geometric characteristics. Since the alteration of the dielectric permittivityε or magnetic permeabilityμ seems to be more practical, it will be our primary focus. The other alternative is briefly discussed at the end of the paper.
It has long been known that sufficiently strong external electric and magnetic fields, as well as an intense electromagnetic radiation, can efficiently control electromagnetic characteristics of a variety of dielectric and magnetic materials (see, for example, [1] [2] [3] [4] and references therein). In dielectric materials with pronounced nonlinearity a reasonably strong electric field E 0 can substantially modify (usually reduce) the refractive index. Numerous examples of such nonlinear dielectrics can be found in [2] (see also [1] and [4] ). Similarly, in magnetically ordered materials such as ferrites and antiferromagnets an external magnetic field H 0 can dramatically alter the magnetic permeability tensorμ [3] . In addition to that, external fields can change the macroscopic electrodynamics of a photonic crystal by introducing some qualitatively new effects, such as Faraday rotation, linear magnetoelectric response and more [5] .
The controlling field E 0 (or H 0 ) must be strong enough to alter the property tensorsε (or µ) of the medium. On the other hand, the alternating electromagnetic fields E(t) and H(t) associated with the electromagnetic wave propagating through the photonic crystal should be weak enough to be considered as a linear signal. In most cases the above requires the amplitudes E(t) and H(t) to be relatively small compared to those of the controlling fields E 0 (or H 0 )
In general, the controlling field E 0 (or H 0 ) of a frequency Ω 0 must be treated as an inseparable part of the electrodynamic problem. However, a parametric dependence of the property tensor ε (orμ) on the external field E 0 (or H 0 ) can be materialized if the frequency of the controlled EM signal Ω is significantly higher than that of the controlling field
For some dielectrics condition (2) can substantially relax the requirement (1) or even allow the controlling field to be smaller than the field of the signal. In this connection we consider two particular possibilities. The first one is related to the ferroelectric or ferromagnetic media where relatively weak quasi-stationary field can dramatically affect the substance. Numerous examples of the kind can be found among so-called "soft" ferromagnetic or ferroelectric materials (see, for example, [2] , [3] , and [5] ). At the same time, propagating EM signal having relatively high frequency Ω may be treated as a small perturbation even if its amplitude does not meet the condition (1) .
The second worth mentioning situation occurs when the external field of a frequency Ω 0 causes some kind of resonance response of the medium. The resonance behavior can result in a noticeable nonlinear effect even in the case of relatively small amplitude of the controlling field E 0 (or H 0 ). For the case of magnetic resonance, the detailed description of such phenomena can be found in [6] . At the same time, since the carrier frequency Ω of the signal is significantly different from Ω 0 , it may not cause a resonance response of the medium and, therefore, can be treated as a linear EM wave.
In summary, the physical mechanisms responsible for the tunability effect in photonic crystals can be extremely diverse depending on the frequency range of interest and the materials used. Usually, the controlling field has to be relatively strong to ensure a noticeable alteration of the property tensor. But in some special cases the required controlling field can be even weaker than the EM field of the controlled signal.
WHY TUNABLE PHOTONIC CRYSTALS?
First of all, photonic crystal tunability is often a necessity rather than an additional feature. Indeed, the fabrication of perfectly periodic dielectric structures with strictly specified electromagnetic characteristics is more than a challenging and costly task. Usually it is simply impractical. For this reason, it is essential to have a possibility of tuning or adjusting the characteristics of a photonic crystal after it has been made instead of fabricating a new one to meet the specs. In addition to that, it can be used for different frequency ranges. Secondly, some of photonic crystal applications are based on the possibility to control their EM spectrum. For instance, a straightforward application of a tunable photonic crystal is a lossless EM switch [7] . For this device an external controlling field changes the EM spectrum so that the carrier frequency Ω falls in or out of a spectral gap resulting in a transition between transparent and opaque states. More sophisticated applications of tunable photonic crystals are considered in [8] . Thirdly, the tunability can do more than simply to control basic EM characteristics of a photonic crystal. An external field can also bring about some qualitatively new spectral features. For instance, an external magnetic field can cause a nonreciprocal behavior of the electromagnetic spectrum of a magnetic photonic crystal (some examples of nonreciprocal electromagnetic spectra in magnetic media can be found in [9] ).
In this communication we focus on a few specific aspects of tunability related to the same physical origin. One of these aspects has been introduced in our resent publication [8] . It is related to a strong and very distinct spectral anomalies similar to those of well-known electronic topological phase transitions in metals [10] .
Let us consider how continuous alteration of the spectrum affects the propagation of EM waves of a fixed frequency Ω. At first glance, the only noticeable effect of tunability is the possibility of switching between the transparent and the opaque states, depending on whether the carrier frequency Ω falls into a transmittance band or a photonic band gap. This transition is a remarkable effect by itself. In addition to this transition, another interesting phenomenon takes place. As we have shown in [8] , virtually any photonic crystal can be "tuned" into a state with extreme anisotropy of EM properties. In this state the EM waves can propagate only within a narrow angle along one or a few special directions (see Fig. 2 ).
This effect allows to control efficiently the direction of EM wave propagation through the periodic dielectric structure. In terms of tunability, the mentioned extremely anisotropic states lie very close to those with virtually isotropic states. Hence, such a "photonic lens" works selectively for a very narrow frequency band.
The next important effect is a dramatic reduction of the group velocity of EM waves of certain frequencies. This phenomenon can be seen as an effective way to enhance nonlinear phenomena in a substance.
In addition to the mentioned above, there exists another distinctive anomaly. It occurs when a piece of the equifrequency surface loses its convexity. In this situation there will be more than one plane EM wave of given frequency Ω and of the same polarization propagating in the same direction. Their group velocities are essentially different.
In the course of the spectrum modification the conditions of EM wave propagation change dramatically. The total number of the critical spectral anomalies may vary for different photonic crystals and different spectral bands of the same crystal. On the other hand, the basic characteristic features of such transformations persist in any kind of tunable photonic crystals, because those changes are predetermined by the topology of the equifrequency surface of the spectrum (see [8] and [10] ). For this reason, we believe, many of the discussed spectral features can be realized in virtually any tunable photonic crystal. It must be emphasised that there is a crucial difference between the electronic topological phase transitions in metals and the EM waves in tunable photonic crystals. In metals, the above remarkable effects are extremely rare and difficult to produce. By contrast, in tunable photonic crystals they are virtually guaranteed. Besides, in photonic crystals they might have some practical applications.
BASIC TECHNICAL PROBLEMS Proper Choices of Tunable Dielectric Materials
In spite of the formal mathematical similarity, the cases when the tunability is achieved based on external electric field E 0 or external magnetic field H 0 may differ significantly because of the essential difference between electric and magnetic properties of the real dielectric materials. We consider here the materials with nonlinear dielectric response, which can be controlled by an external electric field. For this case our main requirements to the material are: (i) low-field electric nonlinearity, facilitating the control of the tensorε without recourse to high voltage; (ii) sufficiently high electric permittivity and low dielectric losses at the frequency range selected. There exists a variety of dielectrics with pronounced nonlinearity and sufficiently high dielectric constant at the frequency range up to 10 12 Hz (see, for instance, [1] , [2] and references therein). Those materials are widely used in microwave applications as well as in nonlinear optics. Furthermore, the nonlinearity and high dielectric permittivity often come together and can be found in numerous ferroelectrics.
The Field Uniformity Problem
In the absence of external field, a photonic crystal is a spatially periodic composite structure. Either of the two constitutive components is usually homogeneous by itself, as is the case with the 2D photonic crystal in Fig. 1 . Under applied electric field this situation can change even if the external field E 0 is perfectly uniform. Indeed, an external electric field E 0 induces electric polarization P in the medium which, in turn, produces an additional depolarization electric field E i . The resulting electric field E inside the system is the sum of the external and depolarization fields [5] . The depolarization field depends significantly on the geometry of the photonic crystal and the direction of applied field E 0 . More importantly, the depolarization field is not uniform E i = E i ( r) even if the field E 0 is. Hence, the resulting electric field E
inside the photonic crystal is not uniform either.
Since the dielectric constant ε of the materials used in photonic crystals must be substantially greater than 1, the depolarization field E i is always comparable in magnitude with the applied field E 0 and the depolarization effects can not be ignored. Similar problem exists with the demagnetization field in a magnetic photonic crystal. Apart from a simple renormalization of the external field E 0 , the depolarization field E i can cause two major problems. The first one is that the resulting electric field E can be nonuniform even within each of the two dielectric components of the photonic crystal. This may seriously complicate the EM spectrum calculation, because the nonuniformity makes the dielectric permittivityε a complicated function of r. In the case of 3D tunable photonic crystals the above problem is, in fact, unavoidable. In 1D and 2D periodic systems a solution can be usually found. For instance, the geometry chosen in Fig.  1 ensures the uniformity of the internal field E if E 0 is uniform.
The second problem is even more serious. The internal field E( r) from (3) is a periodic function of r within the system if and only if the shape of the photonic crystal meets some strict requirements. These requirements are well known in electrostatics and magnetostatics [5] , and if they are not met the resulting field E( r) will not be periodic in r. This factor can make the photonic device inoperational. To ensure the periodicity of the internal electric field E( r) in the case of 2D photonic crystal shown in Fig. 1 one should choose the dimensions of the system in the xy-plane much greater than the thickness of the slab in the z-direction.
Photonic crystals with alterable geometry
The most likely candidates with this feature can be found among the polarized media such as ferroelectrics, ferromagnets and ferrites with naturally occurring periodic domain structures. Almost every single electrically or magnetically polarized substance supports some sort of periodic or nearly periodic domain structure. The problem usually lies in the inferior quality of periodicity. Still, there are some examples when the equilibrium domain structure displays nearly perfect geometry. One can mention so-called magnetic bubbles [11] . In an external magnetic field H 0 they can form perfectly periodic 2D hexagonal structures with the geometrical parameters, which can be easily and precisely controlled by H 0 . KK6.1.5
